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INTRODUCTION 


During  calendar  year  1981  the  research  effort  of  this  grant  v/as  devoted 
primarily  to  three  areas:  (a)  measurement  of  thermal  properties  of  asphaltic 
concrete  in  the  laboratory;  (b)  field  tests  oerformed  to  compare  the  results 
of  the  measured  temporal  and  spatial  temoerature  field  induced  in  an  asphaltic 
concrete  pavement  by  a  known  ene'^gy  inpuc  to  those  predicted  by  heat  transfer 
theory  using  the  thermal  properties  measured  in  the  laboratory  results;  and, 

(c)  a  sensitivity  analysis  which  indicated  the  influence  of  thermal  properties 
of  the  asphalt  and  the  heat  source  on  the  predicted  temperal  and  soatial  temner- 
ature  field.  Details  of  each  of  these  tasks  are  given  below  and  typical  results 
are  summarized. 

LABORATORY  MEASUREMENTS  OF  THERMAL  PROPERTIES 


A  calorimeter  used  to  measure  the  thermal  conductivity  and  thermal 
diffusivity  of  asphaltic  concrete  was  designed  and  constructed  specifically  for 
this  research  project.  Because  it  is  much  easier  to  n.easure  these  f.(Opertics 
if  the  heat  flow  through  the  specimen  is  one  dimensional,  it  was  imeortant  that  the 
radial  heat  loss  through  the  cylindrical  soecinen  be  minimal.  To  predict  the  radiai 
heat  loss  for  several  candidate  designs,  a  computer  code  was  developed  to  solve 
the  transent  two  dimensional  heat  transfer  equation.  It  v.as  found  that  us'ng  a 
14.6  cm  diameter  sample  about  2.5  cm  thick,  radial  heat  losses  would  be  well 
within  acceptable  tolerances  using  the  device  shown  schematically  in  Figure  1. 

(Tliis  device  has  a  cooling  base  which  is  not  shown  in  the  Figure).  Figure  2 
shows  the  ratio  of  radial  to  axial  heat  loss  for  the  device  as  a  function  of  radial 
position  in  the  sample.  This  Figure  shown  that  the  radial  heat  flow  is  essentially- 
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flow  at  the  edges.  In  the  laboratory  experiments,  fluxes  were  measured  at 
r_ 

r^  =  0.2  in  the  calorimeter  where  radial  heat  flow  was  less  than  0.1‘;  of  the 
axial  flow.  These  statistics  are  well  within  ASTM  guidelines. 

The  heat  flow  through  the  sample  in  the  calorimeter  was  assumed  to  be 
one  dimensional  thus  making  the  analysis  of  the  exoeriment  much  easier  since 
all  derivatives  with  respect  to  the  radius  r  in  the  equation 
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In  these  equations,  k  is  thermal  conductivity,  T  is  temperature,  p  is 


density,  r  and  Z  are  cylindrical  coordinates,  Cp  is  specific  heat,  is 
thermal  diffusivity  (— p— ) ,  and  t  is  time. 

To  find  the  conductivity,  k, a  steady  state  condition  is  attained  in  the 
laboratory  experiment  so  that  derivatives  with  respect  to  t  (time)  vanish.  Tlien, 
k  can  be  determined  from  Equation  (2?.)  by  measuring  tlie  temperature  gradier.t 
through  the  sample  and  the  corresponding  heat  flux  0. 

With  k  knov/n,  the  calorimeter  can  a^so  be  used  to  find  the  diffusivity 
j.{-  -^7^)  if  a  transient  test  is  run.  The  system  is  first  brought  to  steady  state: 
and  then  the  power  to  the  upper  heater  (Figure  1)  is  increased,  Tnc  resulting 
increased  heat  flux  into  the  copper  disk  as  well  as  the  te:s,,  .rature  of  the  disk 
are  recorded  as  c  function  of  time.  By  solving  Equation  {2u)  tne  transient 
response  to  the  heat  flux  buundary  condition  can  be  found,  A  computer  code  has 
been  developed  to  solve  the  transient  one  c'imensional  energy  equation  usir.  a 
finiue  difference  technique.  The  computer  code  uses  the  measured  heat  flux  a 
boundary  condition  at  the  surface. 


Tiie  time  scale  of  the  test  is  s^'ort  enounh  so 
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that  the  sample  appears  to  be  semi-inf  ini  ts;  thus  the  temperature  of  the  1ov;er 
face  of  the  sample  does  not  change  during  the  test.  An  initial  guess  for  a  is 
made  and  the  transient  temuerature  response  is  calculated.  If  the  calculated 
temperatures  do  not  equal  the  measured  temceratures ,  a  is  modified  and  another 
trial  is  run.  Tin's  process  is  repeated  until  the  final  measured  temoerature  is 
within  2%  of  the  final  calculated  temperature. 

Tine  calorimeter  was  calibrated  by  measuring  the  thermal  conductivity  and 
diffusivity  of  a  standard  pure  substance,  in  Table  1  below  are  the  measured  k 
values  obtained  at  3  different  temperatures  along  with  corresponding  values  cited 
in  the  literature  for  fused  silica. 


TABLE  1 

CALIBRATION  OF  CALORIMETER-CONDUCTIVITY 


T(°C) 

Measured 

Literature  k(^^) 

•  %  Error 

25° 

1.310 

1.377 

-4.9 

60° 

1.409 

1.417 

-0.6 

o 

LO 

00 

1.414 

1.446 

-2.2 

The  reliability  of  the  calorimeter  in  measuring  diffusivity  can  best  be 
illustrated  by  Figure  3.  The  transient  temperature  response  of  fused  silica  is 
shown  in  the  Figure  along  with  the  predicted  response  obtained  using  the  known 
(literature)  value  of  a  in  the  one  dimensional  heat  transfer  code.  As  can  be 
seen  in  Figure  3,  the  measured  and  predicted  temperature-time  response  are  very 
close. 

IJith  confidence  in  tne  results  obtained  on  samples  with  known  Lhormal 
properties  in  the  calorimeter,  tests  were  run  to  determine  the  thermal  properties 
of  asphaltic  concrete.  Ga^^ples  were  core''  from  the  pavement,  sliced,  and  inserted 
in  t'^e  cd lorfrieter  and  conductivity  and  diffusivity  values  were  obtained  using 
tiie  procedures  describe"'  above. 
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FIELD  TESTS 


The  objective  of  tne  field  tests  was  to  determine  if  the  computer  code 
could  be  used  to  predict  the  temporal-spatial  temperature  field  of  an  in  situ 
asphaltic  concrete  pavement  of  known  thermal  properties  when  subjected  to  a  known 
thermal  input.  The  thermal  properties  of  the  asphaltic  concrete  were  determined 
as  described  above,  but  before  the  field  tests  could  be  carried  out,  thermal 
characteristics  of  the  heat  source  had  to  be  obtained. 

A  small  portable  propane  heater  was  used  as  the  heat  source  in  the  field 
tests.  Heat  is  transferred  to  the  pavement  predominately  by  radiation  and  much 
less  importantly  by  convection.  Convection  effects  can  bo  neglected  with  little 
loss  of  accuracy.  The  portable  heater  and  the  pavement  can  be  modelled  as  two 
parallel  plate  and  the  heat  transfer  can  be  described  as: 

(3) 


when  T  =  temperature 

e  =  emissivity 

a  -  The  Stefan-Bol tzmann  constant. 

The  subscripts  H  and  A  refer  to  the  heater  and  asphalt  surface,  respectively. 

The  emissivity  of  asphalt  varies  little  from  a  value  of  0.9  (J.  P.  Holman, 
Heat  Transfer,  McGrav;-Hill  Book  Co.,  1972).  Then  the  emissivity  of  the  heater 
can  be  determined  fro.m  Eq.  3  if  the  temperature  and  the  heat  flux,  q,  are 
measured.  This  v;as  done  in  field  experi:„onts  and  v/as  to  be  0.4  for 

Tj^  in  the  range  of  410*^  to  55C'^C.  This  v';lue  ’s  well  wit.,  in  u'-.e  ?'a,igo  of  that 
repor^-ed  for  steel  (Holman,  197?}  as  it  s.h.'uld  be  i.ecause,  m.  seen  from  bel"w, 


the  Peat  source  is  t;en  mainly  as  sheet  st 
with  the  thermal  cneracterioc 
thermal  properties  (k  .and  a)  ac  a  oartictil 
the  lab  as  explained  in  the  o-'aceecing  sec 


:  of  the  source  ..a.ater  known,  and  the 
ar  point  in  a  p  ■  •.''■aont  determined  in 
i;iGn,  field  test's  could  be  carried  ou 


field  co'jid  cn-oa'-ed  to 


so  that  the  '’;easured  teapor'al-sp-at’^al  te-eeraturo 
that  preeicted  by  the  one  dirensio'^a:  ooa’puter  code. 

Fieure  4  shows  typical  cor-parisoo  results  tor  the  torso-'' ra  cure  of  th-e 
surface  of  asphalt  when  subjectec  to  the  heater  at  T,,  =  485'^C  for  BCG  seconds  at 

H 

which  tirce  the  heater  was  reisoved  and  the  pavement  surface  v/as  insulated.  The 
agrees'enL  between  predicted  and  ooservec  surface  te ■:perat'j''es  was  within  5^C 
for  the  duration  of  the  test. 

Figure  5  is  a  comparison  of  the  ;  easured  and  predicted  r£  tU 

history  at  a  depth  of  3.2  cm  belo'./  the  pavement  surface.  The  heater  te-roera  cure , 
T,  ,  was  435°C  and  the  heat  source  was  removed  and  the  surface  insulated  after 

r. 

500  seconds.  The  difference  between  predicted  and  observed  temperatures  was 
within  7°C  at  all  times. 


SEfiSITIVITY  PPALYSIS 


The  temporal-spatial  temperature  field  in  asphaltic  cor.crete  depends  on 
5  parameters  (for  a  radiant  heat  source;:  the  temperature  of  the  lieat  source, 

T,,;  the  emissivity  of  the  heater,  the  emissivity  of  asohalt,  e,™ ;  the  oif- 

d  '  ■  w, 

fusivity  of  the  asphaltic  concrete,  ci,  and;  the  conductivity  of  the  asohaitic  con¬ 
crete,  k.  To  determine  the  effect  of  each  of  these  5  variables  on  the  temperature 
field,  4  c'  the  variables  were  held  co'Ctant  while  the  5th  \/p.o  varic-'  f'-oin  a 


nc~icai  i.o.  ropreseu  to  ve  vmu- 
ccncrece  T.  vas  used  as  the  depcr. 

h. 

influc-'ce  of  a-vJ  k  are  sho 


te  ■iccrat'ire  at  the  Wirface  ("  the  aschalt:,, 
''iaLle  for  rurposes  i  1 1  us  tion  .  'The 
ic'sres  6,  7,  and  3,  respocti vely. 


.•‘S  heater  source  temoerature  T.,  has  a  larqo  influence  cn  T„  (Fiuure  6). 

r,  '  rt  ■ 

Tnis  is  ic,.us;  suria,,^  neat  flu  i  :3  ..ainly  by  radi-ticin  ;nG  is  pi'oporticna !  to 

4  4  V  0 

'"3  "  The  heat  source  t '"oe^ature  "ust  be  nieasursd  'within  abouc  Jp  1C  to 

obtain  a  +  5°C  dccuracy  in  T,. 
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Figure  7  shows  that  the  change  in  surface  te.rperature  is  ali:'03t  directly 
proportional  to  a  change  in  source  ecissivity  A  +  10.:  variation  in  the 
source  einissivity  yields  a  +  8:1  change  in 

The  effect  of  the  conductivity,  k,  on  the  surface  teinperature  is  shown  in 
Figure  8.  The  higher  the  value  the  faster  the  heat  flov/  through  the  asphalt  and 
thus  the  lower  the  surface  te^nperature.  After  the  heat  source  is  re  oved,  the 
higr. ar  the  k  the  more  rapidly  the  drop  in  T^  because  the  heat  flows  sown  througn 
the  asphalt  faster.  An  increase  in  k  by  10, :  causes  a  decrease  in  T^  of  about 
8. ST;  conversely,  a  decrease  in  k  by  102  results  in  an  increase  in  surface  ter:pe,’‘- 
ature  of  about  8.52. 

Sensitivity  studies  showed  that  the  surface  temperature  T^  was  rather 
insensitive  to  a,  the  diffusivity.  The  thermal  diffusivity  need  only  be  measured 
to  within  +  25-:  to  obtain  a  jg  52  accuracy  in  predicting  temperature  response. 


SUMMARY 


A  modified  colorimeter  has  been  developed  to  measure  the  thermal  conduct¬ 
ivity  and  thermal  diffusivity  of  asphaltic  concrete.  Calibration  of  the  calorimeter 
with  a  substance  of  known  thermal  properties  (fused  silica)  indicated  that  the 
calorimeter  performs  well. 

Thermal  characteristics  of  a  field  heater  were  determined  so  that  by  de¬ 
termining  the  pavement  the;'r.al  proper-ties  from  lab  tests  the  te!iinG,',?l-spa tial 
ter::perature  field  of  an  a5ph:’ltic  concrete  pavement  could  be  predicted.  The 
results  of  a  preliminary  series  of  field  tests  were  encouraging.  The  predicted 
and  measured  surface  temperatures  were  very  close  while  the  predicted  and  measured 
te-'oera tures  with  deptn  Were  general  iy  within  of  one  another. 
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A  sensitivity  analysis  of  the  thenral  pararr.eters  used  in  the  one  dir.ensional 
heat  transfer  computer  code  indicated  that  to  predict  tlie  tei"00ral -spatial 
temperature  field  with  accuracy  and  confidence  it  is  necessary  to  have  precise 
values  of  the  thermal  conductivity  and  enissivity  of  asphaltic  concrete  and 
source  temperature  and  emissivity  of  the  (radiant)  heater.  The  thermal  diffusivity 
of  the  asphaltic  concrete  is  not  an  important  parameter. 


